Microcin J25 (MccJ25) uptake by Escherichia coli requires the outer membrane receptor FhuA and the inner membrane proteins TonB, ExbD, ExbB, and SbmA. MccJ25 appears to have two intracellular targets: (i) RNA polymerase (RNAP), which has been described in E. coli and Salmonella enterica serovars, and (ii) the respiratory chain, reported only in S. enterica serovars. In the current study, it is shown that the observed difference between the actions of microcin on the respiratory chain in E. coli and S. enterica is due to the relatively low microcin uptake via the chromosomally encoded FhuA. Higher expression by a plasmid-encoded FhuA allowed greater uptake of MccJ25 by E. coli strains and the consequent inhibition of oxygen consumption. The two mechanisms, inhibition of RNAP and oxygen consumption, are independent of each other. Further analysis revealed for the first time that MccJ25 stimulates the production of reactive oxygen species (O 2˙؊ ) in bacterial cells, which could be the main reason for the damage produced on the membrane respiratory chain.
Escherichia coli microcin J25 (MccJ25) is a lasso peptide antibiotic of 21 L-amino acid residues (G 1 -G-A-G-H 5 -V-P-E-Y-F 10 -V-G-I-G-T 15 -P-I-S-F-Y
-G) (3, 42, 56) . MccJ25 is active on gram-negative bacteria related to the producer strain, including some pathogenic strains (43, 44, 55) . Four plasmid genes, mcjABCD, are involved in MccJ25 production: mcjA, mcjB, and mcjC code for an MccJ25 precursor and two processing enzymes required for the in vivo synthesis of the mature peptide, respectively, and mcjD encodes the McjD immunity protein (53) . McjD, a homologous ABC exporter family protein, participates in MccJ25 secretion (52) . Thus, immunity is mediated by active efflux of the peptide, keeping its intracellular concentration below a critical level (53) . Recently, it has been demonstrated that YojI, a chromosomal protein with ABC-type exporter homology (36) , is also able to export MccJ25 from the cells (14) . TolC, an E. coli outer membrane protein, is necessary for MccJ25 secretion mediated by either McjD or YojI (11, 14) . On the other hand, the uptake of MccJ25 by E. coli is dependent on the outer membrane receptor FhuA (15, 45) and the four inner membrane proteins TonB, ExbD, ExbB, and SbmA, the first three of which constitute the Ton complex (38) , while the last one acts as a transporter (46) .
Convincing evidence showing that RNA polymerase (RNAP) is the target for MccJ25 action in E. coli was previously provided by our laboratory. The peptide inhibits the enzyme activity by obstructing the secondary channel and consequently preventing access of the substrates to its active sites (1, 12, 34, 57) . Later, it was demonstrated that MccJ25 can bind and penetrate into the phospholipid monolayer and disrupt the electric potential of liposomes composed of phospholipids from gram-negative bacteria (5, 40) . These results encouraged the study of the effect of MccJ25 on the bacterial membrane. MccJ25 was found to disrupt the membrane potential inhibiting oxygen consumption in Salmonella enterica serovar Newport (41) and S. enterica serovar Typhimurium transformed with a plasmid carrying fhuA from E. coli (55) , suggesting the presence of a second target for the peptide. In addition, the chemical amidation of the C-terminal glycine localized in the MccJ25 lariat ring region (MccJ25-GA) specifically blocked the capacity for RNAP inhibition, but not cell respiration inhibition or peptide uptake, in S. enterica serovars (54) . These results indicate that MccJ25 has at least two different intracellular targets, depending on the bacterial species. The absence of an MccJ25 effect on the cell respiration of E. coli is a surprising result that raises a question about the general presence of both mechanisms in a single bacterial species (16, 39) .
The goal of this study was to elucidate the question concerning the absence or the presence of an MccJ25 effect on cell respiration in E. coli strains. Interestingly, the results reported here indicate that a membrane target is also present in laboratory E. coli strains, in which the effect becomes noticeable when the bacteria overexpress the MccJ25-FhuA receptor. Moreover, it was found that the effect of MccJ25 on the E. coli respiratory-chain enzymes is mediated by increased superoxide production demonstrated by the in vitro reversion effect of superoxide dismutase (SOD). These findings shed light on the dual and independent mechanisms of action of MccJ25.
MATERIALS AND METHODS
Bacterial culture media and growth conditions. The bacteria and plasmids used are listed in Table 1 . Luria broth (LB) and M9 minimal salts were purchased from Sigma Chemical Co. Minimal medium was supplemented with 0.2% glucose, 1 mM MgSO 4 , and 1 g ml Ϫ1 vitamin B 1 . Solid media were prepared by adding agar to a final concentration of 1.5%. When required, 50 g ml Ϫ1 ampicillin, 30 g ml Ϫ1 kanamycin (Km), or 30 g ml Ϫ1 chloramphenicol was added. Liquid cultures were grown with agitation in 100-ml flasks. For anaerobic growth, liquid cultures were grown without agitation in filled tubes with the medium overlaid with mineral oil. Growth was monitored by measuring the optical density at 600 nm (OD 600 ) for 24 h. After that, the culture was followed under aerobic conditions in 100-ml flasks with vigorous shaking. All cultures were incubated at 37°C. Aliquots were taken for CFU determination. For growth under low-iron conditions, we used the Tris-buffered medium of Simon and Tessman (50) (T medium) without iron.
DNA manipulations and genetic methods. Plasmid DNA was isolated with the Wizard miniprep DNA purification system (Promega). Transformation of competent cells was carried out by the CaCl 2 procedure. Phage P1 vir was used for transduction of the rpoC mutation (rpoC encodes the ␤Ј subunit of RNAP), which confers MccJ25 resistance (12) , as follows. First, zjb-3179::Tn10kan from CAG18615 (51) was transduced to SBG231 with selection for Km and MccJ25 resistance. Then, a P1 lysate prepared from one of these transductants, called PA230, was used to cotransduce the zjb-3179::Tn10kan and rpoC mutations to strains AB1133, MC4100, and GS022. The respective mutated strains PA232, PA233, and GS022 rpoC were selected for Km resistance. The presence of the rpoC mutation was confirmed by transforming it with pDJJ12 (pBR322 containing cloned wild-type rpoC) and checking for the restoration of a wild-type level of MccJ25 sensitivity.
␤-Galactosidase assays. Overnight anaerobic cultures of GS022 and GS022 rpoC (strains carrying a transcriptional fusion, katG::lacZ) growing without agitation in filled tubes were passed under aerobic conditions in the absence and presence of 20 M MccJ25 for ␤-galactosidase assays (2-ml volume in 100-ml Erlenmeyer flasks) and incubated for 1 h with vigorous shaking. ␤-Galactosidase activity was measured as described by Miller (33) , using cells (GS022 and GS022 rpoC) permeabilized with sodium dodecyl sulfate and chloroform, and it was reported in Miller units. The assays were repeated at least three times for each sample.
Isolation of MccJ25 and MccJ25-GA peptides. MccJ25 was purified from 2-liter cultures of strain MC4100 harboring pTUC202 as previously described (41) . MccJ25 appeared homogeneous in two different systems of analytical reverse-phase high-performance liquid chromatography and showed a single peak of 2,107 Da on matrix-assisted laser desorption ionization-time of flight mass spectrometry (6) . The chemical derivation and isolation of MccJ25-GA peptide was performed as described by Bellomio et al. (6) . Native MccJ25 and its amidated derivative were dissolved in methanol, and their concentrations were determined by absorbance at 278 nm (ε 278 ϭ 3,340 M Ϫ1 cm Ϫ1 ) (5).
Sensitivity test of microcin activity. Sensitivity to microcin was tested by a spot-on-lawn assay as follows. To avoid aggregation (7), concentrated methanolic solutions of the peptides (2 mM) were prepared for antibiotic activity assay, and serial doubling dilutions were performed in double-distilled water containing 0.1% Tween 80 in Eppendorf tubes. Samples (10 l) of each dilution were spotted onto M9 medium plates supplemented with 0.2% tryptone. After the drops had dried, the plates were overlaid with 4 ml of soft agar (0.6%) containing 30 l of an overnight LB culture of the strain to be assayed. The plates were incubated for 12 h at 37°C and examined for different degrees of inhibition. The concentration (mM) of the last dilution giving a clear or turbid spot was taken as the MIC of MccJ25 and its analogues.
Oxygen consumption. Cells were grown to exponential phase (OD 600 ϭ 0.4 to 0.5) in LB. Samples were diluted in LB to an OD 600 of 0.2 and incubated at 37°C for 30 min without MccJ25 (control) and with different concentrations of the antibiotic. The average rate of cell respiration over the subsequent 5 min was polarographically measured with a Clark-type electrode oxygraph and normalized to the OD 600 .
In vivo transcription assay. The in vivo transcription assay was carried out as described by Delgado et al. (12) . The strains were grown in M9 medium to early exponential phase. Uridine (150 g) and 1.85 ϫ 10 5 Bq [ 3 H]uridine were added to the cell suspension (10 ml), and then aliquots were extracted at different incubation times without (control) or with peptides. At 0 and 30 min, 0.5-ml samples were mixed with 1.5 ml of cold 5% trichloroacetic acid, incubated for 1 h on ice, filtered through Millipore HAWP02500 filters, and washed with cold 5% trichloroacetic acid. The radioactivity retained on the filters was estimated in a Beckman LS-1801 liquid scintillation counter.
Enzymatic-activity determination. The enzyme activities were measured on membrane preparations obtained as previously described by Evans (17) . Dehydrogenase activities, in the absence and in the presence of 6 mM potassium cyanide, were determined at 37°C in a total volume of 0.5 ml 50 mM phosphate (pH 7.5) containing 0.5 mM NADH, 10 mM succinate, or 10 mM D-lactate as a substrate. The reaction was followed by reduction of the artificial acceptor thiazolyl blue tetrazolium bromide (MTT) (50 g ml Ϫ1 ) to its derivative formazan at 570 nm. The MccJ25 effect was studied by preincubation of the membrane sample (10 g ml Ϫ1 protein) for 10 min at 37°C with the antibacterial peptide (10 M). The oxidase activities were measured by incubating the membrane preparation at 37°C with 10 M MccJ25 and the corresponding substrates in the absence and in the presence of 40 IU ml Ϫ1 superoxide dismutase. The NADH oxidase activity was followed by measuring absorbance at 340 nm in a Beckman DU 7500 spectrophotometer. Succinate and lactate oxidase activities were determined by following the oxygen consumption registered polarograph- 
RESULTS
Relationship between MccJ25 activity and the expression of its outer membrane receptor, FhuA. The intracellular concentration of MccJ25 in E. coli depends basically on the two active processes that take place simultaneously in the cell, the uptake (15, 45, 46) and the export (13, 14) of the peptide. Table 2 shows the sensitivities to MccJ25 of two E. coli strains overexpressing FhuA. The sensitivities of E. coli MC4100 and AB1133 increased notably when the strains were transformed with pGC01 (carrying the fhuA gene) (compare rows 1 and 2 with 3 and 4). It is interesting that the inhibitory halo of the strains overexpressing FhuA became clear and that the MICs are comparable to that of S. enterica serovar Newport (row 5). The turbid inhibition halo and the apparent major resistance of strain MC4100 in comparison with strain AB1133 is due to major YojI activity and, as a consequence, major efficiency in removing MccJ25 through the putative YojI-TolC pathway (unpublished results). The overexpression of FhuA also increased sensitivity to MccJ25-GA: the resistant MC4100 strain became sensitive (compare row 1 with row 3), and the sensitive AB1133 become eightfold more sensitive (rows 2 and 4). As was previously reported, MccJ25-GA specifically lost the capability to inhibit RNAP in E. coli; afterward, the presence of an additional antibiotic target in E. coli can be assumed, as occurs in S. enterica (41, 54) . To further investigate the presence of the additional membrane target in E. coli, two strains harboring an MccJ25-resistant RNAP, PA232 and PA233, which were derived from AB1133 and MC4100, respectively, were constructed. The donor strain in these transduction experiments, SBG231, carries the rpoC T931I mutation (see Materials and Methods) (12) . As can be seen in Table 2 , PA232 was sensitive while PA233 was resistant to MccJ25 and MccJ25-GA (rows 6 and 8). However, when these strains were transformed with pGC01, PA232 became 100-and 8-fold more sensitive to MccJ25 and MccJ25-GA, respectively, and the resistant PA233 became sensitive to both MccJ25 and MccJ25-GA. Moreover, it was possible to produce more sensitivity in PA233 when FhuA was derepressed under iron-depleted conditions (rows 10 and 11). These results confirmed our previous assumption about the existence of a second MccJ25 target on E. coli.
In contrast to MC4100(pGC01), EZE100(pGC01), which harbors an sbmA mutation, was not sensitive to MccJ25 and MccJ25-GA (compare rows 3 and 10). These results clearly indicate that both peptides must penetrate into the cell in order to exert antibacterial action.
Relationship between the MccJ25 membrane target and oxygen consumption. As pointed out above, it was previously found that MccJ25 disrupts the membrane potential inhibiting oxygen consumption in S. enterica serovar Newport, but not in E. coli MC4100 (41). Since S. enterica serovar Newport is 50-fold more sensitive than the above-mentioned E. coli strain, it was interesting to verify the presence of the MccJ25 membrane target in the most sensitive E. coli strains, such as AB1133. Thus, the effects of the peptides on the in vivo synthesis of RNA and on oxygen consumption were explored. The results in Table 3 show that 20 M MccJ25 inhibited nearly 50% of the in vivo RNA synthesis in strains AB1133 and AB1133(pGC01), but not in the PA232 (AB1133 rpoC T931I) and PA232(pGC01) strains. Moreover, a threefold-higher concentration of MccJ25-GA was unable to inhibit the RNA synthesis of any strain. On the other hand, 10 M MccJ25 or MccJ25-GA inhibited oxygen consumption only in E. coli strains overexpressing FhuA, with consumption remaining unchanged in AB1133 and PA232. Oxygen consumption remained unaffected in E. coli AB1133, even at 20 M MccJ25, whereas AB1133(pGC01) respiration was clearly inhibited in a concentration-dependent manner. A similar effect was observed with E. coli MC4100(pGC01) (data not shown).
MccJ25 increases superoxide generation in the membrane respiratory chain. To further assess the MccJ25 target on bacterial membranes, the peptide effects on dehydrogenase and oxidase activities (Table 4) were studied. For this experiment, membrane from E. coli AB1133 was used. As previously observed, MccJ25 (10 M) did not inhibit NADH, lactate, and succinate dehydrogenase activities when the assays were performed in the presence of 6 mM cyanide. However, when the assays were carried out in the absence of cyanide, clear inhibition was obtained for NADH (21% Ϯ 2.0%) and lactate (44% Ϯ 6.0%) dehydrogenases. In the presence of cyanide, MTT is the obligatory electron acceptor, while in the absence of cyanide, the electrons are captured mainly by oxygen.
MccJ25 is suspected to stimulate adventitious electron transfers to oxygen, generating superoxide and hydrogen peroxide; these reactive species can oxidize biomolecules, causing irreversible damage (24) . The succinate dehydrogenase activity was not affected by the presence of MccJ25, probably because the iron-sulfur clusters of the succinate dehydrogenase enzyme are not damaged by superoxide (19) . To avoid false results, since superoxide overproduction could be obtained when dehydrogenase activities are determined by electron transference to MTT (32), oxidase activities were measured by direct determination of oxygen consumption. The results shown in Table 4 indicated that NADH and lactate activities were inhibited similarly to the corresponding dehydrogenase activities (28.0% Ϯ 0.8% and 31.5% Ϯ 1.5%, respectively). As occurred with the dehydrogenase activity, succinate oxidase was not inhibited by MccJ25. To confirm that reactive oxygen species (ROS) overproduction could be involved in oxidase and dehydrogenase inhibition, the reversion effect by SOD (an O 2˙Ϫ scavenger) was investigated. As shown in Table 4 , the inhibitory effect of MccJ25 was reversed by SOD in all cases. Membranes preincubated with MccJ25 plus succinate (as a respiratory substrate) showed remarkable NADH oxidase inhibition. When SOD was added during the preincubation, no inhibition of the NADH oxidase activity was found. These results suggest that the presence of MccJ25 increased superoxide production when the respiratory chain was active, and in turn, the superoxide generated during preincubation affected NADH oxidase activity. To further explore this assumption, the rate of superoxide production in vitro was determined by using succinate as an electron donor (Fig. 1) . 
Physiological evidence that MccJ25 increases ROS production in vivo.
To demonstrate the in vivo increase in superoxide production induced by MccJ25, two experimental approaches were developed. First, the effect of MccJ25 on E. coli GS022 was explored, when the strain harbored an RNAP mutation and a fusion with the capacity to sense H 2 O 2 production. Second, the antibiotic activities of MccJ25 on E. coli PA232(pGC01) growing under both anaerobic and aerobic conditions were determined.
The steady-state H 2 O 2 concentration in E. coli is sensed by OxyR. The increase of H 2 O 2 activates the transcription of a defensive regulon that include katG, a gene that codes for hydroperoxidase I catalase (9) . Afterward, katG expression served as a reporter for OxyR activity. In fact, katG::lacZ expression was elevated 10-to 15-fold in a strain lacking Ahp (hydroperoxidase), the primary scavenger of endogenous H 2 O 2 in E. coli (49) . The strain GS022, harboring a katG::lacZ fusion (48) and transduced with an rpoC T931I mutation (12) Fig. 2 indicate that incubation of the mutated GS022 strain raised by twofold the ␤-galactosidase activities in three independent experiments. Although modest, this increment is significant, because it was absent in the parental strain (GS022) due to RNAP inhibition by MccJ25 (data not shown).
In light of these results, it would be relevant to determine whether MccJ25 is capable of inhibiting the growth of E. coli PA232(pGC01) in anaerobiosis. It can be presumed that in the absence of oxygen, the formation of superoxide anions would not occur. The growth curves in the absence and in the presence of 20 M MccJ25 are shown in Fig. 3 . After 24 h, no difference was observed between them. Afterward, the bacterial cultures were changed to aerobic conditions, and cells were unable to grow in the presence of MccJ25. Meanwhile, in the absence of the antibiotic, they continued growing, reaching an OD that the bacteria normally reach under aerobic conditions. It can be concluded that in the absence of oxygen, MccJ25 lost antibiotic activity on RNAP-resistant strains, supporting the hypothesis that the overproduction of superoxide anions is positively involved in the antibiotic action. MccJ25 inhibited the growth of AB1133(pGC01) carrying wild-type rpoC, even under anaerobic conditions (Fig. 3, inset) , indicating that MccJ25 acts on RNAP in an O 2 -independent manner.
DISCUSSION
The aim of this study was to further characterize the mechanism of action of MccJ25. Prior analysis of the antimicrobial peptide revealed important inhibition of RNAP (12) . However, preliminary studies on model membranes and S. enterica serovar Newport implied an alternative mechanism that has not been detected in E. coli. The present study indicates, as a major finding, that MccJ25 is also responsible for the inhibition of oxygen consumption in E. coli strains throughout the increase in the ROS concentration. E. coli strains harboring an MccJ25-resistant RNAP and MccJ25-GA (a chemically altered MccJ25 that does not inhibit RNAP) were employed to demonstrate that MccJ25 could inhibit the growth of E. coli in an RNAP-independent manner. The in vivo experiment showed that the inhibitory effect of MccJ25 on cell respiration depends on the expression and/or activity of the transporter protein FhuA, which is involved in peptide uptake and consequently is responsible for the cytoplasm peptide concentration. The growth-inhibitory effect of MccJ25-GA on MC4100(pGC01), but not on EZE100(pGC01), led us to conclude that the antibiotic must reach the cytoplasm to act on the cellular respiration. This interesting observation could explain the absence of an additional periplasmic immunity protein in the MccJ25 production system. Such immunity proteins were described by Braun et al. (8) as indispensable for microcins, which act from the periplasm space. We could not determine inhibition of the respiration of AB1133, despite sensitivity to MccJ25-GA. This result could be attributed to a low sensitivity of the oxygen consumption method compared with the spot test method. In fact, an MccJ25 concentration (10 M) 500-fold higher than the minimal concentration to produce inhibition (0.02 M) was required to get 30% respiration inhibition in AB1133(pGC01). Furthermore, only respiration inhibition of PA232(pGC01), which was 100-fold more sensitive than PA232, could be detected.
Normal aerobic metabolism gives rise to active oxygen species, such as superoxide radicals and hydrogen peroxide, formed by the partial reduction of molecular oxygen (18, 37) . Moreover, redox cycling of various chemical substances, including some antibiotics, affects the reactive species of oxygen produced by cells during oxidative processes. For example, plumbagin and paraquat were used for several years as models to study oxidative stress (21, 22) . Recently, a number of antibiotics, including ciprofloxacin, have been demonstrated to stimulate the production of ROS in bacterial cells (2, 4) . In this work, evidence that a microcin, MccJ25, perturbs the natural reaction of the respiratory-chain enzymes with oxygen, generating a significant increment in ROS, is reported for the first time. The involvement of superoxide anion in the antibacterial action of MccJ25 was analyzed in vitro with isolated bacterial membrane and also in in vivo experiments ( Fig. 2 and 3) . The action of MccJ25 on respiratory-chain enzymes was irrefutably demonstrated by a direct measurement of ROS formation ( Fig. 1) and SOD damage protection ( Table 4 ). The lack of peptide effect on bacterial growth in the anaerobic state simultaneously with the overexpression of the katG gene supports and decisively confirms the results obtained in vitro.
Recently, Korshunov and Imlay (27) reported that substantial superoxide was released into the periplasmic compartment as an incidental by-product of respiration, apparently due to the adventitious oxidation of menaquinone in E. coli cultures. The rate of periplasmic superoxide formation is quite high, about 3 M/s, when normalized to the estimated periplasmic volume. That value is comparable to the 5 M/s that has been estimated for superoxide formation in the cytosol (27) . The superoxide produced by cytosolic enzymes cannot cross inner membranes at physiological pH (28, 31) . The simple hypothesis that MccJ25 increases the ROS concentration could be postulated, although the site where ROS is overproduced is unknown.
At this point, it is possible to question the physiological relevance of the ROS increase produced by MccJ25, since it is a peptide synthesized by bacterial strains growing in an anaerobic habitat. Although E. coli grows essentially in an oxygenpoor environment (47) , it can be abruptly changed to an aerobic one, inducing the sudden formation of ROS (23) . In such a new ecosystem, the bacterial strains producing MccJ25 would have a clear advantage in competing with the sensitive bacteria. MccJ25 acts on the most sensitive strains in both directions, increasing ROS and inhibiting the gene transcription needed to synthesize protective enzymes (26) . Furthermore, a toxic capability for MccJ25 could not be excluded, since our laboratory described the peptide's deleterious effect on mammalian mitochondria under aerobic conditions (35) . In addition, Delgado and Salomon (11) suggested in a previous paper that the plasmid pTUC100, responsible for MccJ25 production and immunity, could have originated in Shigella (a pathogenic bacterium) and then been transmitted to E. coli.
On the basis of these results, it can be concluded that the antibacterial action of MccJ25 involves two independent mechanisms: the RNAP inhibition previously described (12) and the overproductions of ROS, such as superoxide anions. However, the exact mechanism of the latter phenomenon has yet to be worked out. A combination of structural and biochemical approaches are currently being used to identify the active site of MccJ25 on the cell membrane and to discover how the electrons are sequestered by oxygen rather than used to generate the electrochemical gradient.
